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The research results of UV 266 nm gold ablation are presented. It is shown that the deposit structure on the surface 
around ablation pits sharply depends on a pit depth. As the pit depth is increased, gold micro- and nanoparticles acquire 
a more developed surface structure and the surface around the pits gets deep black color – “black” gold appears. Some features 
and possible mechanisms of forming “black” gold structures at ablation over the 266 nm powerful nanosecond laser radiation 
range are also considered.
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Представлены результаты исследования абляции золота УФ-излучением 266 нм. Показано, что структура депо-
зита на поверхности вокруг абляционных лунок зависит от их глубины. При увеличении глубины лунки осажденные 
микро- и наночастицы золота приобретают более развитую поверхностную структуру, при этом поверхность вокруг 
лунок становится насыщенного черного цвета – появляется «черное» золото. Также рассмотрены некоторые особен-
ности и возможные механизмы формирования структур «черного» золота при абляции мощным наносекундным 
лазерным излучением с длиной волны 266 нм.
Ключевые слова: абляция, YAG:Nd-лазер, поглощение, порог, «черное» золото.
Introduction. Nowadays “black” gold is a well-known contemporary material of wide use in different 
fields of science and technology. It may be used in production of dyes and layers absorbing light in a wide 
spectral range, infrared detectors, etc.
First, the formation of porous layers of black metals was demonstrated under their evaporation and 
deposition in the gas atmosphere within the pressure range up to 100 Pa [1]. Later, it was optimized for 
gold with different purposes, for example, for infrared detectors [2].
The UV laser treatment of porous layers of “black” gold thermally deposited in vacuum or in nitrogen 
atmosphere at 266 nm fourth-harmonic YAG:Nd radiation with fluencies of 1–250 mJ/cm2 was shown 
to lead to structural and color changes of the layers [3]. As shown [4], under femtosecond laser ablation, 
black coatings of complex-structure pure gold are formed around ablation pits.
Nevertheless, there is a lack of investigations on “black” gold forming at ablation over the powerful 
nanosecond laser radiation range. 
In this article it is shown that the deposit structure on the surface around ablation pits sharply depends 
on a pit depth. On increasing a pit depth, gold micro- and nanoparticles acquire a more developed surface 
structure and the surface around the pits gets deep black color – “black” gold appears. Some features and 
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possible mechanisms of forming “black” gold structures at ablation over the 266 nm powerful nanosecond 
laser radiation range are also considered.
Experimental. The UV 266 nm gold ablation investigations were carried out on a flat pure bank gold 
bar (purity 0.9999) with mat and smooth sides.
The optical scheme of the laser ablation research setup is shown 
in Fig. 1. The laser setup is described in detail in [5].
Ablation pits (Fig. 1) were regularly done in a line on a surface 
of a gold bar. In our experiments, the gold bar was moved in the fo cal 
plane of the lens. Pits were treated in air at room temperature by 
N focused pulses on one spot with UV radiation of the fourth-har-
monic YAG:Nd laser (266 nm) with the pulse duration of about 10 ns 
and a repetition rate of 1 Hz. For each pit, the 266 nm laser pulse 
fluence F0 in the pit center was determined from the experimentally 
measured energy E266 and the real laser beam distribution was 
close to the Gaussian distribution. In our experiments, the Gaussian 
radius w0 was calculated for each energy laser beam at 266 nm. 
(For w0 F(w0) = 1/e
2). In these experiments, F0 was ranged within 
50–400 J/cm2.
A confocal Zeiss LSM 510 laser scanning microscope was used for 
measuring the pit depth H. The measuring accuracy of the pit depth 
was about ±3 µm. Modified laser gold surface pictures were taken 
with a scanning electron microscope (SEM) SEM-4800 (Hitachi) 
with an X-ray spectrometer EDS Quantax-200 (Bruker) to carry 
out the element analysis. The optical spectra of reflected light of 
“black” gold samples in the range of 400-800 nm were taken using 
a micro-spectrophotometer MPV-SP (Leica). Time dependences of the intensity of the 266 nm laser beam 
incident and reflected from the gold surface were obtained using a high-speed Tektronix TDS 5104 B 
oscilloscope.
Results and discussion. Fig. 2 shows the typical dependences of the average thickness of the gold 
layer removed during one laser pulse have = H/N on H and H at N for F0 = 250 J/cm
2 and 50 J/cm2 
(w0 = 0.16 mm), respectively. For gold, the ablation threshold Fthr equals approx 30 J/cm
2.
Fig. 1. Optical scheme of the laser abla-
tion research setup: 1 – gold bar in a hol-
der; 2 – focusing lens, f = 150 mm; 3 – 
deflecting mirror; 4 – reflecting quartz 
plate; 5 – energy meter; 6 – topology of 
pits on the gold bar
Fig. 2. Dependences have = H/N (solid) and Keff(H) (dash) on H anol N for different F0
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Here, the H dependences of the efficient absorption coefficient of the ablated gold layer [6], which 
includes light scattering, incubation, and non-linear effects, are also shown:
 Keff(H) = (1/have)·ln(F0/Fthr). (1)
It is seen in Fig. 2 that during the first laser pulse a gold layer of about 8–10 µm/pulse thickness have 
is removed on the surface. As N is increased, have sharply decreases and lies in the range of 0.5–3 µm/pulse 
for H deeper than 60–80 µm. Keff(H) is about 1000–2000 cm
–1 for the first laser pulse, and sharply 
increases up to 10000–15000 cm–1 with growing H and saturates for H > 80–100 µm.
The have and Keff(H) data show that the process of gold laser ablation substantially changes with H. 
This allows one to assume that at ablation, an initial gold plasma temperature and, as a consequence, 
a pressure and a velocity of a moving plasma cloud at depths H > 80–100 µm by the end of a laser pulse 
are higher than those at ablation near the gold surface. (It is necessary to emphasize that the results 
are not connected with changes in the laser beam profile due to the ablation pit depth, since in accordance 
with the measurements performed, F0 is practically constant at a distance of ±1.5 mm from the laser beam 
focusing point on the bar surface. All main effects on the ablation rate occur at the depths H = 0–100 µm.)
For the first laser pulse, the gold plasma cloud velocity Vgc may be estimated from the expression 
Vgc = (rth – rbnd)/Δt [7], where rth is the radius corresponding to a gold ablation threshold, rbnd is the ra-
dius corresponding to a gold ablation pit boundary for the first laser pulse with a duration Δt. For gold, 
measurements show that for F0 = 250 J/cm
2 Vgc ≈ 3500 m/s.
It is found that the deposit structure on the surface around ablation pits also sharply depends on H. 
This is illustrated by Fig. 3 where the SEM photos show the dynamics of structural changes in gold 
deposits with H.
From Fig. 3 it is well seen that, as H is increased, gold particles acquire a more developed surface 
structure. With the depth increased, the surface around the pits gets deep black color – “black” gold 
appears. It must be recognized that the deposit structure changes with H well correlate with have and 
Keff(H) changes with H.
The gold deposits formed during the first laser pulse (Fig. 3, a) at the pit depths of about 5–10 µm 
consist of smooth big particles of different shape  with sizes within 0.5–10 µm and a lot of small drops 
with sizes of 150–500 nm. The surface of the gold bar around the pit gets a rough goldish tint.
In Fig. 3, b, at H of about 25–30 µm, the surface around a pit is covered with a dense layer of 
particles having sizes of 200–300 nm with the insertion of different-shape clusters that look like 
“sausages” consisting of the particles  with sizes of 200–300 µm. In Fig. 3, c, at H of about 50–60 µm, 
the surface around a pit is mostly covered with a layer of different-shape clusters, whose shape is close 
to spherical, at the particle sizes of 500–1000 nm. Their surfaces are covered with 100–150 nm particles. 
In Fig. 3, d, at H of about 100 µm, on the surface around a pit there appear single different-shape 1–1.5 µm 
“coral like” structures. In Fig. 3, e, at H of 170–180 µm, the surface around a pit is mostly covered with 
different-shape 2–3 µm “coral like” structures. In Fig. 3, f, at H of about 300–400 µm, the surface around 
a pit is mostly covered with 2–4 µm “coral like” structures having a highly developed surface closely 
related to each other. In Fig. 3, g, at H > 850 µm, the surface around a pit is mostly covered with 5–15 µm 
“coral like” structures having a highly developed fantastically looking surface.
To understand the fact: if the formation of a deposit structure is associated with the processes 
occurring at the pit depth or if it is a result of summation a big number of ablated layers on the surface, 
a special experiment was conducted.
Fig. 3, h shows the SEM deposit structure for the ablation products taken at the pit depth H ≈ 640–750 µm 
with 40 laser pulses. In the experiment, the surface of the gold bar was initially covered with a piece of 
paper having a small hole about 1.5 mm in diameter, through which ablation with N = 220 (H ≈ 640 µm) 
pulses was done. Black ablation products were deposited on the paper surface around the pit. Specially, 
it was controlled that products practically would not penetrate under the paper around the pit. The piece 
of paper was then removed and ablation with additional 40 pulses was completed (total number of pulses 
N = 260, H ≈ 750 µm).
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Fig. 3. Dynamics of structural changes in gold deposits with the ablation pit depth: 
a – H of about 5–10 µm, (N = 1); b – H = 27 µm (N = 10); c – H = 54 µm (N = 1 8); d – H = 94 µm (N = 40); e – H = 172 µm (N = 73); 
f – H = 340 µm (N = 154); g – H = 860 µm (N =3 07); h – H = 650–750 µm (N = 40)
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The comparison of Fig. 3, g and 3, h allows a conclusion to be made that the deposit structure on the sur-
face is practically the same in the both cases and drastically differs from the structure shown in Fig. 3, d 
for ablation with N = 40 pulses from the surface. The only difference is that the dense black layer 
is smaller. It allows one to conclude that the formation of a deposit structure is first connected with 
the processes occurring at the pit depth.
Measurements in the spectral range of 400–800 nm show that for a surface around deep and reach-
through pits the back reflectance Rg = 0. The deposits on the surface around deep ablation pits represent 
“black” gold. The element analysis of deposit structures around pits shows that they consist of pure gold 
without any additional elements. Black color of gold deposits is most of all connected with a complicated 
nature of plasmon resonances [8–10] corresponding to the complex-structure of gold particles formed 
at big pit depths together with intense color saturation in media with a developed surface [11].
The dynamics of the gold deposit structure forming with H variations may be explained as follows. 
Under powerful laser radiation, gold ablation occurs explosively. At this process, melted, vapor and 
plasma components escape practically simultaneously. Due to a high pressure, hot gold plasma moves 
with high velocity in all possible directions at cooling during expansion. Laser light is absorbed by a gold 
plasma cloud, which causes a light inertial confinement and an additional pressing on the cloud.
As long as a pit depth is small, ablation products move in all possible directions, including those 
along the surface, thus forming a flat parapet around the pit. With a depth increased, the pit wall confine-
ment acts on gold plasma, causing it to spread mostly in the direction perpendicular to the bar surface. 
As a result, the lateral performance of an ablated gold cloud reduces.
For the first laser pulse, gold plasma is not confined by pit walls and it is expanded without any hinder, 
and a maximum lateral performance of an ablated gold cloud during a laser pulse is realized, giving 
maximum have (Fig. 2). In these conditions, smooth gold particles are mostly formed (Fig. 3, a).
As a result of cloud cooling during expanding, different-size clusters of gold atoms are formed. Gold 
nanoparticles are also deposited on the surface of melted particles, and unusual structures are being 
formed. When the pit depth is increased, the lateral performance of an ablated gold cloud during a laser 
pulse reduces. The cloud moves along the pit walls. The initially flat parapet around the pit grows in height, 
and finally a gold tube with an uneven edge appears. Each laser pulse increases the tube height, unless 
the moving gold nanoparticles are hot enough to adhere to the tube edge. As tube walls are being formed 
statistically and in a random way, their solidity at some height becomes small and they are perforated 
Fig. 4. Dependence of maximum and minimum tube heights around the pit on H
at some places; this leads to an uneven gold wall edge. Fig. 4 shows the dependence of maximum and 
minimum gold tube heights around the pit on H. It is seen that the maximum and minimum tube heights 
around the pit are saturated with H variations.
When H + Htube is increased, the lateral performance of an ablated gold cloud during a laser pulse 
reduces with a corresponding decrease in have and increase in Keff(H). At H > 80–100 µm, the tendency 
stops. It allows one to suppose that at these depths, a gold cloud reaches the tube edge by the end of 
a laser pulse. This allows estimating a gold cloud velocity at a deep pit during a laser pulse within 
the range of (6–7)·103 m/s. It is higher than on the surface during the first laser pulse. Just under ablation 
at these depths, additional heating of an expanded gold cloud ends before leaving the pit and intense gold 
structures with a highly developed surface start forming (Fig. 3).
Conclusions. The deposit structure on the surface around ablation pits is found to sharply depend 
on a pit depth. When the pit depth is increased, gold micro- and nanoparticles acquire a more developed 
surface structure and the surface around the pits gets deep black color – “black” gold appears. 
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